The structure of slow shocks in the presence of a heat conduction parallel to the local magnetic field is simulated from the set of magnetohydrodynamic equations. In this study, a pair of slow shocks is formed through the evolution of a current sheet initiated by the presence of a normal magnetic field. It is found that the slow shock consists of two parts: The isothermal main shock and foreshock. Significant jumps in plasma density, velocity and magnetic field occur across the main shock, but the temperature is found to be continuous across the main shock. The foreshock is featured by a smooth temperature variation and is formed due to the heat flow from downstream to upstream region. The plasma density downstream of the main shock decreases with time, while the downstream temperature increases with time, keeping the downstream pressure constant. It is shown that the jumps in plasma density, pressure, velocity, and magnetic field across the main shock are determined by the set of modified isothermal Rankine-Hugoniot conditions. It is also found that a jump in the temperature gradient is present across the main shock in order to satisfy the energy conservation. The present results can be applied to the heating in the solar corona and solar wind.
I. INTRODUCTION
Magnetic reconnection provides a mechanism for converting magnetic energy to the bulk flow and thermal energies of the plasma and hence plays a fundamental role in the corona heating, solar flares, and geomagnetic substorms. [1] [2] [3] [4] [5] [6] [7] [8] [9] There are several different types of magnetohydrodynamic ͑MHD͒ discontinuities, such as fast shock, slow shock, intermediate shock, rotational discontinuity, tangential discontinuity, and contact discontinuity. 10 Past studies 3, [11] [12] [13] have shown that a series of MHD discontinuities can be generated by magnetic reconnection. In the symmetric case with equal magnetic-field strength, equal plasma density, and antiparallel magnetic fields on the two sides of initial current sheet, two slow shocks can be formed. 3, 13, 14 Observations of slow shocks have been reported. [15] [16] [17] In a hot plasma, such as in the solar corona or solar wind, the heat conduction effects should be considered because the conduction time scale is comparable to the Alfvén time scale. The heat conductivity is mainly associated with electron motions and has two features: Anisotropy and nonlinearity. 18 The heat conductivity parallel to the magnetic field is much larger than the perpendicular conductivity, i.e., K ʈ ӷK Ќ . The heat conductivity increases nonlinearly with temperature, i.e., K ʈ ϰT 5/2 . Therefore, the thermal conductivity is usually a function of space and time. This feature can lead to some new results, such as, the thermal diffusion width L d being linearly proportional to time t as to be shown in this paper.
The effects of resistivity and thermal conductivity on the critical Mach number at which viscosity must be worked to obtain a stationary shock structure have been studied. [19] [20] [21] [22] Xu and Forbes 23 studied the structure of radiative switch-off shocks. Yokoyama and Shibata 24 studied the effects of heat conduction on two-dimensional magnetic reconnection for solar flares. They found that heat conduction can significantly modify the temperature and pressure in the inflow region of magnetic reconnection. Their results were used to explain the Yokhhok observations of solar flares. 25 In this paper we examine the effects of parallel heat conductivity K ʈ on the slow shock structure. In the presence of K ʈ , a slow shock consists of two parts: The isothermal main shock and the foreshock. A significant density jump occurs across the main shock, while the foreshock is featured by a smooth temperature variation. We find that the downstream density and temperature vary with time while the downstream pressure remains constant. The width L d of foreshock is found to increase linearly with time t. The jumps in density, pressure, velocity, and magnetic field across the main shock are shown to be determined by the modified isothermal Rankine-Hugoniot conditions, while the jump of heat flux ͑Q͒ across the main shock is determined by the energy jump condition. The present results can be applied to the solar corona and solar wind.
II. SIMULATION MODEL
Magnetic reconnection usually takes place at the current sheet that separates two plasma regions having an antiparallel magnetic field component. Petschek 3 provided a reconnection model for cases with a symmetric plasma and magnetic-field configuration on both sides of the current layer. In the model, magnetic reconnection takes place in a small diffusion region. The energy conversion takes place mainly in the reconnection layer, which consists of two pairs of slow shocks and the plasma outflow regions. The formation of slow shocks in the outflow region can be illustrated in Fig. 1͑a͒ , where only the upper xϪz plane is shown. The initial current sheet is located in the plane zϭ0. After the onset of magnetic reconnection, a reconnected magnetic field line is formed at the reconnection point X at tϭ0. The field line is highly bent and convected in the ϩx direction by plasma flow. As shown in Fig. 1͑a͒ , the magnetic disturbance associated with the kink of field line will propagate, as a pair of slow shocks, away from the initial current sheet. The reconnected field line is convected to position x 1 at tϭt 1 and position x 2 at tϭt 2 . The slow shocks are formed along XSЈ and XS in the upper xϪz plane.
The structure of slow shocks in the two-dimensional ͑2D͒ reconnection configuration can be studied by the onedimensional ͑1D͒ initial value problem, the so-called Riemann problem. [12] [13] [14] Figure 1͑b͒ illustrates the time evolution of magnetic field profile (B x ) in the 1D initial value problem. The initial profile of B x at tϭ0 is shown in the bottom part. For tϾ0, a pair of slow shocks propagate in the Ϯz direction. At tϭt 1 (tϭt 2 ), the slow shocks arrive at S 1 and S 1 Ј (S 2 and S 2 Ј) as can be seen from the B x profiles. Note that the slow shocks S 1 and S 1 Ј (S 2 and S 2 Ј) at tϭt 1 (tϭt 2 ) in Fig.   1͑b͒ correspond to slow shocks at xϭx 1 (xϭx 2 ) in Fig. 1͑a͒ .
In this study of slow shock structure, the following set of MHD equations, including the heat conduction, is used:
where , P, V, and B are, respectively, the mass density, pressure, flow velocity, and magnetic field. In Eq. ͑4͒, K ϭK ʈ bbϩ(K Ќ ϪK ʈ )Î is the tensor of thermal conductivity, where bϭB/B and Î is a unit tensor. The specific heat ratio ␥ is set to be 5/3 in our study. The heat flux Q can be written as
QϭϪK•ٌT. ͑5͒
In the following study we ignore the perpendicular heat conduction which is related to the cross-field particle thermal motion and is much smaller than the parallel conduction. The parallel heat conductivity K ʈ in a proton-electron plasma is taken as
where m e is the mass of the electron, e is the charge of electron, and k B is the Boltzman's constant. The plasma parameter, ⌳, is defined by ⌳ϭ(
, where n e is the electron number density.
Let the length, magnetic field, and mass density be normalized by the background parameters L 0 , B 0 , and 0 , respectively. The pressure, temperature, and time are then normalized by P 0 ϭB 0 2 /(4), T 0 ϭm i P 0 /(k B 0 ), t 0 ϭL 0 /V 0 , where V 0 ϭB 0 /ͱ4 0 is the background Alfvén speed and m i is the ion mass. In the 1D simulation, the shock propagates in the z direction and the normal magnetic-field B z remains constant. The set of 1D normalized MHD equations is given by
FIG. 1. ͑a͒ An illustration for the formation of slow shocks in the outflow region of magnetic reconnection in the xϪz plane. The magnetic field line reconnected at tϭ0 is convected to x 1 and x 2 at time t 1 and t 2 , respectively. Two slow shocks XS and XSЈ emanate from the point X. ͑b͒ Time evolution of magnetic field (B x ) profile in the 1D initial value problem which corresponds to the 2D configuration of reconnection layer. The slow shocks at t ϭt 1 (tϭt 2 ) are located at S 1 and S 1 Ј (S 2 and S 2 Ј).
) and all physical quantities are dimensionless. The complete normalized parallel heat conductivity in Eq.
. To analyze the heat conduction process, we use the operator splitting method 26 to solve above equations. Equation ͑11͒ is advanced by two procedures at each time step. In the first step, we assume there is no heat conduction, i.e., K 0 ϭ0 in Eq. ͑11͒. The nondissipative energy equation and Eqs. ͑7͒-͑10͒ are advanced over time step ⌬t 1 . In the second step, the effect of heat conduction on the temperature is calculated, while , V, and B are kept unchanged. The temperature diffusion equation splitted from Eq. ͑11͒ can be written as
where and B resulted from the first step remain constant. It should be mentioned that the time step ⌬t 2 used in the second step is much smaller than the main time step ⌬t 1 . We advance Eq. ͑14͒ m times with ⌬t 2 ϭ⌬t 1 /m in each step ⌬t 1 , where ⌬t 2 is decided by
. ͑15͒
In the simulations, the typical values of m range from 500 to 8000.
In the solar corona the heat conductivity constant K 0 ranges from 10 3 to 10 8 . The typical values for solar corona are L 0 ϭ5ϫ10 8 cm, B 0 ϭ 10 G, n 0 ϭ10 9 cm Ϫ3 and ln ⌳ ϭ20, leading to K 0 ϭ5ϫ10 3 . The dimensionless parallel heat conductivity K 0 can be expressed as
͑16͒
Some values of K 0 in the solar corona and in the solar wind at 1AU are shown in Table I .
III. SIMULATION RESULTS
In our study, a current sheet is initially set up at the center of simulation domain. The background fluid is at rest and the tangential magnetic fields on the two sides are antiparallel as shown in Fig. 1͑b͒ . The total pressure PϩB 2 /2 remains constant across the current sheet. The profile of magnetic field is set to be B(z)ϭB ϱ sin tanh(z/␦)x ϩB ϱ cos ẑ, where the subscript ϱ denotes the magnetic field far from the current sheet and ␦ is the width of initial current sheet. A symmetric case with coplanar configuration (B y ϭV y ϭ0) across the current sheet is considered. In the evolution of such an initial current sheet, a pair of slow shocks will be generated. 13 The initial pressure profile can be determined from the pressure balance equation P(z) ϩB 2 (z)/2ϭ P ϱ ϩB ϱ 2 /2. Notice that P ϱ is related to B ϱ by ␤ ϱ ϭ P ϱ /(B ϱ 2 /2). The initial temperature is assumed to be constant, i.e., T(z)ϭT ϱ . The density profile can be written as (z)ϭ P(z)/T ϱ ϭ ϱ P(z)/P ϱ . In the present study, we set the normalized quantities B ϱ ϭ ϱ ϭ1 and hence P ϱ ϭ␤ ϱ /2. Figure 2 shows the spatial profiles of , T, P, B x , and V x at tϭ300 and 600. The initial current sheet is located at the center of simulation domain (zϭ0) and the initial parameters are ␤ ϱ ϭ0.04, ϭ70°and K 0 ϭ80 000. A pair of slow shocks is formed in the evolution process. The structure of each slow shock is divided into two parts: the main shock and the foreshock. The large jumps in , P, B x , and V x occur across the main shock, while the temperature across the foreshock decreases gradually from the downstream value to the initial upstream value. The presence of a foreshock region is also found in the 2D simulation of magnetic reconnection. 24 In the hybrid simulations of slow shocks, in which the electrons are treated as fluid and ions are treated as particles, the back streaming ions can result in the formation of an ion foreshock. [27] [28] [29] [30] [31] At tϭ300, the main shock on the right-hand side is located at zϭ20 with a large density jump from 0.8 to 5.5. The large density jump in Fig. 2 will be examined based on the modified Rankine-Hugoniot ͑RH͒ relations for the isothermal main shock in the next section. The pressure increases from 0.13 to 0.68, but the temperature is continuous across the shock. The tangential magnetic field B x downstream of the main shock is nearly zero, indicating a switch-off shock. On the other hand, the front foreshock covers a wide range. In the foreshock region, the density remains nearly constant, but the temperature increases from the far upstream (T ϱ ϭ0.04) to downstream (T 2 ϭ0.18). The increase of pressure in the foreshock is small compared to the jump across the main shock. There are other important features in the temporal evolution of main shock and foreshock. ͑1͒ The downstream plasma density decreases with time, while the downstream temperature increases with time; ͑2͒ the downstream plasma pressure remains relatively constant in time; ͑3͒ both the plasma temperature and pressure in the foreshock region increase with time, while the plasma density in the foreshock region is unchanged; ͑4͒ the width of foreshock region increases with time.
Due to thermal diffusion, the foreshock region expands upstream with time as shown in Fig. 2 . The expanding velocity of the leading edge of foreshock is larger than that of main shock, which is related to the intermediate-mode speed. The width of foreshock region (L d ) as a function of time is plotted in Fig. 3͑a͒ . The width L d increases linearly with time t for tϾ100. This result is unexpected since the diffusion width is usually proportional to ͱt. With a further analysis, we find that the heat conduction,
, increases linearly with time as shown in Fig. 3͑b͒ . Therefore, ͱKt is expected to be proportional to t. We plot L d as a function of ͱKt in Fig. 3͑c͒ . It is found that L d is linearly proportional to ͱKt, as expected from the diffusion process. To examine the effects of background plasma beta (␤ ϱ ) on the shock evolution, Fig. 5 shows the simulation results for ␤ ϱ ϭ0.02, 0.04, and 0.08 at the same time tϭ600. In all cases, we have set K 0 ϭ80 000 and ϭ70°. Figure 5 shows that the density jump across the main shock decreases with increasing ␤ ϱ . The temperature in the downstream as well as in the foreshock increases with ␤ ϱ . Both the width of the foreshock region and the width of the downstream region increase with ␤ ϱ . The jump in V x also increases with ␤ ϱ .
In the next section we will examine density ratio 2 / 1 for the isothermal main shock based on modified RH relations. It is found that the density ratio 2 / 1 decreases with increasing upstream ␤ 1 . Therefore, the trend of the density jump across the main shock in Fig. 5 can be expected. Since the downstream pressure remains unchanged during the time evolution, it is expected that the downstream temperature is larger for a larger ␤ ϱ due to the smaller downstream density. The far upstream temperature also increases with increasing ␤ ϱ . Since the thermal conductivity K is proportional to T 5/2 , the diffusion width L d ϳͱKt is expected to increase with ␤ ϱ as shown in Fig. 5 .
IV. JUMP CONDITIONS ACROSS THE MAIN SHOCK
The Rankine-Hugoniot relations are used to classify and describe the classical MHD discontinuities. In the presence of foreshock originated from the heat conduction, the classical RH relations cannot be applied to the main shock. The jump conditions across the main shock can be obtained by integrating Eqs. ͑7͒-͑12͒. In the de Hoffman-Teller frame where V ʈ B and V y ϭB y ϭ0, the jump conditions are modified as follows:
where ͓F͔ϭF 2 ϪF 1 denotes the jump of physical quantity across the main shock. Notice that F 1 denotes the quantity immediate upstream of the main shock but not in the far upstream. When K 0 ϭ0, Eqs. ͑17͒-͑21͒ are identical to the classical RH relations. However, the fact that the temperature is continuous across the main shock leads to an additional condition
͓T͔ϭ0. ͑21Ј͒
The jump conditions in ͑17͒-͑20͒ and ͑21Ј͒ can be used to obtain the downstream values of , V, B, and P, given that the upstream values are known. The energy jump condition in ͑21͒ can then be used to determine the jump of temperature gradient (‫ץ‬T/‫ץ‬z), or equivalently the jump of heat flux QϭϪK 0 (B z /B) 2 T
5/2
(‫ץ‬T/‫ץ‬z), across the main shock. Define the density ratio as rϭ 2 
, and V A1 ϭB 1 /ͱ 1 . The subscript ''1'' denotes the quantity immediate upstream of the main shock. Figure 6 shows the results obtained from numerical solutions of Eq. ͑22͒. The three panels present the density ratio 2 / 1 across the isothermal main shock as a function of ␤ 1 for the upstream shock angle 1 ϭ20°, 40°, and 60°. The solid, dotted, and dashed lines are for M A1 ϭ0.3, 0.45, and 0.6, respectively. The curve for M A1 ϭ0.6 and 1 ϭ60°is absent since the condition V z1 ϭM A1 V A1 рV A1 cos 1 for slow shock is not satisfied. The density ratio 2 / 1 is a decreasing function of ␤ 1 . The density jump across the main shock is found to be much larger than 4, which is the upper limit from ordinary gasdynamic shock. In solar corona with ␤ 1 р0.05, the density jump can easily go up to 10-100. Now we use the density jump obtained from Eq. ͑22͒ to re-examine the slow shock structure in Fig. 2 , where the initial configuration has ␤ ϱ ϭ0.04, ϭ70°, and K 0 ϭ80 000. Figure 7 plots the downstream density 2 , pressure P 2 and temperature T 2 as a function of time t for the case shown in Fig. 2 . As mentioned earlier, the downstream density 2 decreases with time, while T 2 increases with time. After the initial stage the pressure P 2 remains constant with time. In Fig. 7 , we also show the ''calculated'' downstream density 2 at tϭ200, 300, 400, 500, and 600. The ''calculated'' density 2 is obtained from Eq. ͑22͒ with values of M A1 , ␤ 1 , 1 adopted from simulation data at each time. As shown in Fig. 7 , the ''calculated'' values of 2 are very close to the simulation values.
We have also checked the energy jump condition in Eq. ͑21͒ and found that the jump condition is satisfied for the main shocks at tϭ200, 300, 400, 500, and 600. It is important to remind that Eq. ͑22͒ can be used to obtain the density ratio 2 / 1 across the isothermal main shock while Eq. ͑21͒ can be used to obtain the jump of temperature gradient ‫ץ‬T/‫ץ‬z, or equivalently the jump of heat flux Q.
V. SUMMARY
The structure of slow shock in the presence of heat conduction parallel to the local magnetic field is simulated from the MHD equations. The results can be applied to the plasma heating in the solar corona. We summarize our findings as follows:
͑1͒ The structure of the slow shock with heat conduction is divided into two parts: the main shock and the foreshock. Significant jumps in plasma density, pressure, velocity, and magnetic field occur across the main shock, while the foreshock is featured by a smooth temperature variation.
͑2͒ Due to the thermal diffusion, the foreshock region expands toward upstream with time t. It is found that in the foreshock region the thermal conductivity K is proportional to t and the foreshock width L d is linearly proportional to ͱKtϳt.
͑3͒
In the presence of heat conduction, the density downstream of main shock decreases with time while the downstream temperature increases with time. The downstream pressure remains approximately unchanged with time.
͑4͒ When the initial beta (␤ ϱ ) increases, the corresponding higher ␤ 1 in the foreshock results in a smaller density ratio 2 / 1 across the main shock. The foreshock width L d increases with ␤ ϱ .
͑5͒
The modified isothermal RH relations in Eqs. ͑17͒-͑20͒ and ͑21Ј͒ determine the density jump across the main shock, while the jump in heat flux is determined by the energy jump condition in Eq. ͑21͒.
͑6͒ The density ratio 2 / 1 across the isothermal main shock can be much larger than 4, the limit value of ordinary gasdynamic shock. For ␤ 1 р0.05 in the typical solar corona, the density jump across the slow shock can be as large as 10-100.
